As part of ongoing studies on proteomic alterations during glaucomatous neurodegeneration, this study focused on the complement system. METHODS. Human retinal protein samples obtained from donor eyes with (n ϭ 10) or without (n ϭ 10) glaucoma were analyzed by a quantitative proteomic approach using mass spectrometry. Cellular localization of protein expression for different complement components and regulators were also determined by immunohistochemical analysis of an additional group of human donor eyes with glaucoma (n ϭ 34) compared with age-matched control eyes without glaucoma (n ϭ 20). In addition, to determine the regulation of complement factor H (CFH) by oxidative stress, in vitro experiments were performed using rat retinal cell cultures incubated in the presence and absence of an oxidant treatment. RESULTS. Proteomic analysis detected the expression and differential regulation of several complement components in glaucomatous samples, which included proteins involved in the classical and the lectin pathways of complement activation. In addition, several complement regulatory proteins were detected in the human retinal proteome, and glaucomatous samples exhibited a trend toward downregulation of CFH expression. In vitro experiments revealed that oxidative stress, which was also prominently detectable in the glaucomatous human retinas, downregulated CFH expression in retinal cells. CONCLUSIONS. These findings expand the current knowledge of complement activation by presenting new evidence in human glaucoma and support that despite important roles in tissue cleaning and healing, a potential deficiency in intrinsic regulation of complement activation, as is evident in the presence of oxidative stress, may lead to uncontrolled complement attack with neurodestructive consequences. (Invest Ophthalmol Vis Sci. 2010;51:5071-5082)
C linical and experimental studies over the past decade highlight the involvement of the immune system in glaucomatous neurodegeneration. Different components, including both innate and adaptive immunity, exhibit prominent activity in glaucoma. [1] [2] [3] Despite the fact that immune activity is a necessary intrinsic response to promote the tissue cleaning, healing, and regeneration process, if there is a failure in the immune system regulation because of increasing risk factors, initially beneficial immune activity may turn into an autoimmune injury process. In addition to the potential cytotoxicity of autoreactive T cells 4 and autoantibodies, 5 present evidence suggests that uncontrolled complement activation may also contribute to the progression of degenerative injury to retinal ganglion cells (RGCs), their synapses, and axons in glaucoma. Recent histopathologic studies of human tissues and in vivo studies using different animal models have demonstrated that complement components, including C1q and C3, are synthesized and terminal complement complex is formed in the glaucomatous retina. 6, 7 Findings of another study using mice deficient in complement components C1q and C3 have also provided evidence to suggest that the classical complement cascade may be involved in synapse elimination during neurodegenerative injury. 8 These findings support that injured RGCs in glaucoma may be similarly targeted and destroyed through complementmediated processes involving reactive glia.
This study aimed to further explore complement activation in glaucoma by focusing particularly on proteomic and immunohistochemical findings in human donor eyes. In addition, based on potential immunostimulatory consequences of oxidative stress in glaucoma, 3 including the recently identified regulatory roles of oxidative stress in T-cell-mediated immunity, 9 this study aimed to determine whether oxidative stress may be involved in the regulation of complement activation in glaucoma. Therefore, we also performed in vitro experiments using primary cultures of retinal cells in the presence and absence of oxidative stress. Findings of these studies collectively support complement activation in the glaucomatous human retina. In addition to the classical pathway, the lectin pathway is likely involved in complement activation during glaucomatous neurodegeneration. By targeting and removing the toxic debris from dying neurons in glaucoma, complement activation may participate in tissue healing and may minimize inflammatory insults. However, a potential deficiency in the intrinsic regulation of complement activation, as is evident in the presence of oxidative stress, may facilitate the progression of neurodegenerative injury by collateral cell lysis, inflammation, and autoimmunity.
findings were further validated by quantitative Western blot analysis, and cellular localization of different complement components and regulators was studied using histologic sections of the retina obtained from an additional group of glaucomatous and nonglaucomatous human donors. All human donor eyes were handled according to the tenets of the Declaration of Helsinki. We also performed in vitro experiments with primary cultures of rat retinal cells to determine the regulation of complement factor H (CFH) expression by oxidative stress. All animals used in in vitro experiments were handled according to the regulations of the Institutional Animal Care and Use Committee, and all procedures adhered to the principles set forth in ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Human Donor Eyes
Retinal protein samples were obtained from 10 human donor eyes with glaucoma (age, 84.7 Ϯ 8) and 10 eyes without glaucoma (age, 83.7 Ϯ 7). Retinal tissue punches were collected as previously described 10 within Ͻ6 hours after death (average postmortem time: 4:33 hours for glaucoma, 4:53 hours for controls). All glaucomatous donor eyes had primary open-angle glaucoma with high intraocular pressure that was well documented by intraocular pressure readings, optic disc assessments, and visual field tests. Four glaucomatous and four nonglaucomatous donor eyes (samples 7-10 [see Figs. 2, 7] ) had age-related macular degeneration (AMD). Protein lysis used a buffer containing 50 mM Hepes-KOH [pH 8.0], 100 mM KCl, 2 mM EDTA, 0.10% NP-40, 2 mM dithiothreitol, 10% glycerol, and protease and phosphatase inhibitors, as previously described. 10 -12 An additional group of human donor eyes, including 38 donor eyes with a diagnosis of glaucoma (age, 76.8 Ϯ 11) and 30 eyes from donors without glaucoma (age, 71.0 Ϯ 15 years), was used for immunohistochemical analysis. All these donor eyes were fixed within 12 hours after death and processed for 5 m paraffin-embedded sagittal tissue sections. Detailed information on donor demographics and clinical data of glaucomatous donor eyes has recently been published.
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Proteomic Analysis
Trypsin-digested protein samples were analyzed through a gel-free mass spectrometric approach using two-dimensional capillary liquid chromatography and linear ion trap mass spectrometry (LC-MS/MS), as previously described. 10, 14 Database searching was performed with tandem mass spectra extracted by ReAdW and converted to mzXML format. The acquired MS/MS spectra were analyzed using a data analysis system (SEQUEST Sorcerer; Sage-N Research, Inc., San Jose, CA), which was set up to search a FASTA formatted human protein database (Human RefSeq) with a fragment ion mass tolerance of 1.00 Da and a parent ion tolerance of 1.2 Da. Iodoacetamide derivative of cysteine was specified as a fixed modification, and oxidation of methionine and iodoacetamide derivatives of cysteine were specified as variable modifications. A specific software (Scaffold version 3.0.00; Proteome Software Inc., Portland, OR) was used to validate MS/MS-based peptide and protein identifications. Peptide identifications were accepted if they could be established at greater than 95.0% probability, as specified by the PeptideProphet algorithm. 15 Protein probabilities were assigned by the ProteinProphet algorithm, 16 and protein identification was based on the criteria of greater than 99.0% probability and at least two identified peptides. The abundance of each identified protein was determined by normalizing the number of unique spectral count matching to the protein by its predicted molecular weight. This value has been termed a protein abundance factor. 14, 17 Bioinformatics analysis used a pathways analysis system (Ingenuity Pathways Analysis; Ingenuity Systems, Mountain View, CA) to define functional patterns within the human retinal proteome composition.
Cell Cultures
Primary cultures of RGCs and macroglia were derived from adult rats as previously described.
9,10,12,18 -20 Briefly, retinas dissociated in a papain solution were used in a two-step immunomagnetic cell selection process using antibody-coated magnetic beads (Dynal, Oslo, Norway). In the first step, an antibody to macrophage/microglia surface antigens was used. In the second step, the macrophage/microglia-depleted cell suspension was incubated with magnetic beads bound to a monoclonal antibody specific to Thy-1.1 (Millipore/Chemicon, Billerica, MA). Selected Thy-1.1-positive RGCs were incubated in a serum-free culture medium, as previously described. 18 RGCs isolated by this procedure were identified based on retrograde fluorescence labeling, cell morphology, and immunolabeling for specific markers. 18 In addition, the purity of selected RGCs was further validated by Western blot analysis 21 and quantitative RT-PCR analysis of different retinal cell markers. 10 The unselected fraction of retinal cells was cultured in a medium that does not allow residual neurons to survive (Dulbecco's minimum essential medium, 10% fetal bovine serum, 2 mM glutamine, 1 mM Na-pyruvate, and antibiotics) but contains macroglial cells, including astrocytes and Müller cells, as previously documented. 18 During the experimental period, macroglial cell cultures were incubated in a serum-free medium containing DMEM, 1.3% bovine albumin fraction V, 1 L/mL culture supplement (ITSϩ Premix; BD Biosciences, San Diego, CA), and antibiotics. To better simulate in vivo conditions and astrocyte-derived signals involved in complement regulation, 8 in vitro experiments used cocultured cells by seeding RGCs on the monolayer of macroglial cells, as previously described. 22 Although we initially studied separate cultures of these cell types, no prominent alteration in complement regulation was detectable. Therefore, cocultures were used to better simulate contact-dependent and -independent cellular interactions under in vivo conditions.
Oxidative stress was generated by treating the cocultures with H 2 O 2 (50 M) for 24 hours. Additional cocultures were treated with staurosporine (100 nM; Sigma-Aldrich, St. Louis, MO), a broad-spectrum protein kinase inhibitor, to induce apoptosis. Control cultures, prepared using an identical passage of cells, were simultaneously incubated in the absence of H 2 O 2 and staurosporine.
Cell viability was determined using a live/dead kit containing calcein AM (Molecular Probes, Eugene, OR) as previously described. 9, 10, 18, 19 The survival rate was expressed as the percentage of the total cell number in control wells. All in vitro experiments were repeated at least three times for each experimental condition. Data are presented as mean Ϯ SD.
Western Blot Analysis
Because of the limited amount of protein samples obtained from human donor eyes with glaucoma, comparative Western blot analysis of glaucomatous and nonglaucomatous human samples determined only the expression of CFH among multiple complement components and regulators identified by LC-MS/MS analysis. In addition, human retinal protein samples were used to determine oxidative stress. Western blot analysis was also used in in vitro experiments.
Immunoblot analysis, performed as previously described, 10 -12 used a monoclonal antibody to CFH (1:200; Lifespan Biosciences, Seattle, WA) and a monoclonal antibody to 4-hydroxy-2-nonenal (HNE; 15 g/mL; Abcam, Cambridge, MA) to detect HNE-adducts generated by free-radical attack. In addition, a ␤-actin antibody (Sigma-Aldrich) was used to reprobe the stripped immunoblots for loading and transfer control. Secondary antibody incubation was performed using a specific IgG conjugated with horseradish peroxidase (1:2000; Sigma-Aldrich). The primary antibody was omitted to serve as a control. After normalization to ␤-actin, the average band intensity value obtained from control samples was used to calculate the fold change in protein expression in glaucomatous samples.
Morphologic Analysis
To determine the cellular localization of different complement components and regulators, immunoperoxidase labeling and double-immunofluorescence labeling were performed using histologic sections from human donor eyes. All procedures were similar to those previ-ously described. 10, 12, 13, 23 Monoclonal antibodies to C3b (1:200; Genway Biotech, San Diego, CA), C1q, C5b-9, CD35, CD59 (1:100; Abcam), and CFH (1:200; Lifespan Biosciences) served as primary antibody. In addition, polyclonal antibodies against neuron-specific nuclear protein (NeuN; 1:200; Abcam), a neuronal marker, or Brn-3 (1:200, Santa Cruz Biotechnology, Santa Cruz, CA), an RGC marker, were used to identify RGCs, and a polyclonal antibody to glial fibrillary acidic protein (GFAP; 1:200; Santa Cruz Biotechnology) was used to identify macroglia during double-immunofluorescence labeling. A biotinylated IgG (1:400; Millipore/Chemicon, Billerica, MA) was used as the secondary antibody for immunoperoxidase labeling and hematoxylin for counterstaining. For double-immunofluorescence labeling, a mixture of Alexa Fluor 488-or 568-conjugated species-specific IgG (1:400; Molecular Probes) was used for secondary antibody incubation. For each procedure, at least four histologic sections were used from each eye, including those obtained from the superior and inferior halves of the retina. All slides subjected to immunohistochemical analysis were masked for the identity and diagnosis of donors before their immunolabeling. Double immunolabeling of cultured cells grown on coverslips in triplicate wells was performed as previously described 12, 18, 19 using the same antibodies to CFH or cell markers described. Negative controls were performed by replacing the primary antibody with serum. In addition, slides used for double-immunofluorescence labeling were incubated with each primary antibody, followed by the inappropriate secondary antibody to determine that each secondary antibody was specific to the species it was made against.
RESULTS
Differential Expression of Complement Components and Regulators in the Glaucomatous Human Retina
Proteomic analysis of human retinal samples obtained from donor eyes with or without glaucoma detected the expression and differential regulation of several complement components. As listed in Table 1 , identified proteins included different complement components (C1s, C1r, C1q, C3, C4b, C7-9) and receptors (CR1, CR2, C5aR). On the basis of the label-free quantitative LC-MS/MS analysis, expression levels of some complement components were higher in glaucomatous samples than in controls, or some of them were detectable only in glaucomatous retinas. Besides the proteins involved in the classical pathway of complement activation, differentially expressed proteins in the glaucomatous human retina also included those linked to the lectin pathway, such as mannanbinding lectin serine proteases 1 and 2, C-type lectin, and galectin. LC-MS/MS analysis also identified some complement regulatory molecules in the retinal proteome. In addition to CR1 (CD35), identified regulatory proteins included CFH-related 4, C4 binding protein, and clusterin. Despite an overall prominent difference between glaucomatous and nonglaucomatous samples, glaucomatous donor eyes exhibited individual differences in the increased expression of different complement components. However, the data presented in Table 1 were consistent in at least six glaucomatous samples for each of the listed proteins. Figure 1 shows the integration of identified proteins into canonical pathways of complement activation using bioinformatics analysis tools (Ingenuity Pathways Analysis).
As presented in Table 1 , the label-free quantitative analysis detected a downregulation of a CFH-related complement regulatory protein. This observation motivated us to determine the expression of CFH protein by Western blot analysis using a specific antibody. As shown in Figure 2 , findings of Western blot analysis supported decreased expression of CFH in glaucomatous human retinas. Quantitative analysis of Western blot analysis detected a more than two-fold decrease in the expression level of CFH in 7 of 10 glaucomatous samples compared Quantitative LC-MS/MS analysis used retinal protein samples obtained from human donor eyes with (n:10) or without (n:10) glaucoma. Identified proteins included complement components (C1s, C1r, C1q, C3, C4b, C7-9) and receptors (CR1, CR2, C5aR) and some complement regulatory molecules, such as CFH-related 4, C4 binding protein, clusterin, and the C1 inhibitor SERPING 1. In addition to the proteins involved in the classical pathway of complement activation, differentially expressed proteins in the glaucomatous human retina included those linked to the lectin pathway, such as mannan-binding lectin serine proteases 1 and 2, C-type lectin, and galectin. Note that some of the identified proteins (with a fold change shown as ϱ) were detectable only in glaucomatous samples. However, glaucomatous donor eyes exhibited individual differences in the increased expression of different complement components; the data reflect at least six glaucomatous samples for each of the listed proteins.
with nonglaucomatous controls (Mann-Whitney rank sum test; P Ͻ 0.001).
Proteomic findings were also supported by the findings of immunohistochemical analysis in an additional group of human donor eyes. Cellular localization of different complement components and regulators were determined in histologic sections of the retina using specific antibodies. Glaucomatous human retinas exhibited more prominent immunolabeling for the complement components C1q and C3b and the membrane attack complex that is made up of complement components C5b, C6, C7, C8, and multiple C9 molecules (Fig. 3) . Increased complement immunolabeling of the glaucomatous human retina was most prominent in inner layers, including the RGCs and inner plexiform layers. Increased immunolabeling was detectable in all donor eyes examined; however, this increase was not uniform and exhibited regional as well as individual differences.
Findings of retinal immunolabeling were also consistent with a downregulation of CFH expression in human glaucoma. As also shown in Figure 3 , retinal immunoperoxidase labeling for CFH exhibited a prominent decrease in glaucomatous eyes compared with nonglaucomatous controls. Double-immunofluorescence labeling revealed that both GFAP-positive macroglia and NeuN-and Brn-3-positive neurons in the RGC layer exhibit CFH immunolabeling in the human retina (Fig. 4) . Findings of double-immunofluorescence labeling also supported that the decreased CFH immunolabeling in the glaucomatous retina was most prominent in RGCs identified by NeuN and Brn-3 immunolabeling. A decrease was detectable in retinal CFH immunolabeling in most of the donor eyes with glaucoma (24 of 38) compared with age-matched controls but exhibited regional differences with an indistinct pattern.
Cellular localization studies also analyzed retinal immunolabeling for complement regulators CD35 and CD59. Although CD35 was detected in the human retina by LC-MS/MS analysis, CD59 (membrane attack complex inhibiting protein) was not detected by proteomic analysis. However, based on previous studies reporting the localization of this complement regulatory protein in the inner retina, including RGCs, 24, 25 doubleimmunofluorescence labeling used a specific antibody to CD59 to determine the immunolabeling pattern in human glaucoma. Faint immunolabeling was detectable for CD59 in human retinas. In addition to nonneuronal cells, some NeuN-positive neurons in the RGC layer exhibited CD59 immunolabeling. However, retinal CD35 immunolabeling was localized mainly to NeuN-negative non-neuronal cells (Fig. 4) . Neither CD35 nor CD59 immunolabeling exhibited a prominent alteration between glaucomatous and nonglaucomatous eyes.
Thus, proteomic analysis and tissue immunolabeling collectively supported the expression and differential regulation of different complement components and regulators in human glaucoma. Bioinformatics analysis of the mass spectrometric data also established protein interaction networks associated with complement regulation. Figure 5 exemplifies a high-probability network that was populated by the Ingenuity Pathways Analysis System. By highlighting the molecular pathways, this extended network provides guidelines for ongoing research to better understand the regulation and dysregulation of complement activation in human glaucoma.
Downregulation of a Major Complement Regulator, Complement Factor H, by Oxidative Stress In Vitro
To determine whether CFH expression is regulated by oxidative stress, in vitro experiments were performed using H 2 O 2 treatment. These experiments used cocultures of selected RGCs and macroglial cells to better simulate in vivo conditions and astrocyte-derived signals involved in complement regulation. 8 Both macroglia (positive for GFAP) and RGCs (positive for NeuN and Brn-3) exhibited CFH immunolabeling in these cocultures (Fig. 6) .
As shown in Figure 6 , treatment of cocultures with H 2 O 2 resulted in a prominent downregulation of CFH expression assessed by quantitative Western blot analysis and by a decrease in the number of surviving cells (Mann-Whitney rank sum test; P ϭ 0.01). H 2 O 2 -treated cells exhibited a significant decrease in CFH expression compared with untreated controls (Mann-Whitney rank sum test; P Ͻ 0.01). Downregulation of CFH expression was parallel to increased HNE immunolabeling in these cells, reflecting oxidative stress-induced secondary modification by lipid peroxidation products. To determine whether the CFH downregulation detected in H 2 O 2 -treated cells was related to oxidative stress or simply represented a cellular response to cell death, additional cocultures were treated with staurosporine to induce cell death. Despite a similar rate of cell death (Mann-Whitney rank sum test; P Ͼ 0.05), no prominent downregulation in CFH expression was detectable in staurosporine-treated cells (Fig. 6) .
To validate the relevance of these in vitro observations to human glaucoma, human retinal protein samples were also examined for oxidative stress. Western blot analysis detected increased HNE immunolabeling in glaucomatous samples compared with controls (Mann-Whitney rank sum test; P Ͻ 0.001), reflecting protein modification induced by byproducts of oxidative stress in the glaucomatous human retina (Fig. 7) .
Thus, the findings of in vitro experiments supported that the exposure of retinal cells to H 2 O 2 -induced oxidative stress leads to the downregulation of CFH expression. The oxidative stress detected in glaucomatous human retinas may similarly constitute a risk factor for the altered regulation of CFH expression in these eyes.
DISCUSSION
Expression of Complement Components in the Glaucomatous Human Retina Supporting the Classical and the Lectin Pathways of Complement Activation
Our proteomic analysis of human retinal protein samples coupled with the immunohistochemical analysis of human retinas revealed that the glaucomatous human retina can synthesize various complement components involved in the classical and the lectin pathways. Detected expression of a full lytic com- plement system and complement receptors, along with the differential regulation of complement inhibition, strongly suggest that the complement system is activated during neurodegenerative injury in human glaucoma. However, it remains unclear whether complement activation reflects a physiological complement-mediated tissue clearance process or a complement-mediated component of the neurodegenerative injury. The complement system is known to be a powerful part of the innate immune defense to eliminate infections. However, it has become clear that not only molecular patterns on invading pathogens but also unwanted host cells and cell debris can be recognized by the complement system to enhance phagocytosis. Different pathways of complement activation, including the classical, lectin, and alternative pathways, represent a cas- . Immunohistochemical analysis of the cellular localization of complement components in the human retina. Consistent with proteomic findings, histologic sections of the glaucomatous human retina exhibited prominent immunoperoxidase labeling for the complement components C1q and C3b and the membrane attack complex C5b-9. However, a decrease was detectable in immunolabeling of the glaucomatous retina for the complement regulatory protein, CFH.
Immunolabeling for different complement components was most prominent in the inner retina, including primarily the RGCs and inner plexiform layers. The bottom panels show negative controls, in which the first antibody was replaced with serum. gc, retinal ganglion cells layer; in, inner nuclear layer; on, outer nuclear layer. Scale bar, 100 m.
cade of proteolytic cleavages. C1q can start the classic complement activation pathway by binding to the Fc-region of immunoglobulins but can also bind to a wide variety of molecules, thereby initiating the complement cascade for their clearance. 26 Although complement opsonins promote phagocytosis by the glia bearing complement receptors, complement anaphylatoxins initiate local proinflammatory responses. Complement also participates in host defense by triggering the formation of the terminal membrane attack complex, which permits uncontrolled ion fluxes, cell swelling, and osmotic lysis. Interestingly, the terminal complement pathway can also result in apoptosis in a caspase-dependent pathway. 27 In addition, receptor-dependent and -independent signals transduced by complement components play important roles in immunoregulation by determining the activation thresholds of T and B lymphocytes. 26, 28, 29 Thus, after sensing danger signals from dying RGCs, the complement system is able to respond directly and indirectly by activating innate and adaptive immune responses in glaucoma.
It has been increasingly reported in recent years that C1q produced by glia and neurons is particularly abundant in areas of tissue damage and is involved in the clearance of cell debris and toxic components in the CNS. Complement gene transcription and protein synthesis have also been detected in the retina and optic nerve. 30 Previous histopathologic studies of human tissues and in vivo studies using animal models have demonstrated that different complement components, including C1q and C3, are also synthesized in glaucomatous retinas. 6, 7 In addition, membrane attack complex has been shown to be formed in the RGC layer of both human and rat glaucoma. 7 Data obtained from gene array analysis also support increased expression of complement components in the retina in monkey, 31 rat, 32 and mouse 33 glaucoma. It seems possible that increased autoantibodies detected in the serum 34, 35 and retinal parenchyma 36 of the patients with glaucoma can initiate the classical complement pathway through interaction with C1q.
In addition to the classical pathway of complement activation, our proteomic findings support the possibility of complement activation in human glaucoma through the lectin pathway. Although the classical pathway is initiated after C1q binding, the lectin pathway is initiated by binding of the recognition molecule mannan-binding lectin (MBL), which, through activation of the MBL-associated serine proteases MASP1 and MASP2, forms an enzyme leading to C3 cleavage similar to the classical pathway. 37 MBL that belongs to the collectins family of pattern recognition receptors containing C-type lectins 38, 39 recognizes carbohydrate patterns found on the surfaces of a large number of pathogenic microorganisms but also interacts with structures exposed on dying cells and promotes their noninflammatory elimination. 40 Different families of lectins, including C-type lectins and galectins, exhibit important links in the modulation of the immune response. [41] [42] [43] Given that the lectin pathway is triggered by the recognition of particular carbohydrates, it would be interesting to determine whether the carbohydrate-containing macromolecules, such as glycosaminoglycans 44 and advanced glycation end products 45 (production of which is increased in glaucoma 13, 35 ) activate this pathway for their clearance. Apparently, dying RGCs during glaucomatous neurodegeneration can be targeted and removed through complementmediated processes involving reactive glia. During apoptosis, several active processes ensure the fast removal of potentially toxic and proinflammatory content of the dying cell to prevent immunization with autoantigens. Among various alterations in the intracellular and extracellular composition of an apoptotic cell to enhance its uptake by phagocytes, one is their increased ability to bind complement-initiating molecules, such as C1q 46 -48 and MBL. 49 For example, phosphatidylserine is one of the C1q ligands on apoptotic cells. 50 Thus, complement activation, as a necessary step, can help tissue cleaning and remodeling, minimize the activation and duration of inflammation, and promote neuronal survival. However, complement activation to an inappropriate extent, because of either increased local biosynthesis or insufficient regulation, or both, has also been implicated as a factor in the exacerbation and propagation of tissue injury in neurodegenerative diseases. [51] [52] [53] Similarly, although complement activation detected in human glaucoma may serve to support the removal of apoptotic cell debris, if uncontrolled, it may also damage surrounding RGCs through lytic or sublytic injury. On the other hand, with respect to the ability of antibodies to bind C1q, activation of the complement cascade may be associated with the internalization and potential destructive roles of autoantibodies proposed in glaucoma. 5 Whether the complement system merely flags dying cells and cell debris for enhanced phagocytosis or also contributes to immune system dysregulation in glaucoma should be further studied.
Complement Regulatory Protein Expression in Human Glaucoma
In addition to different complement components, we detected complement regulatory proteins in the human retina. It is increasingly evident that because excess cytolytic activity of the complement system may lead to tissue injury and inflammation, intrinsic regulatory mechanisms promote safe disposal of cell debris and avoid collateral damage. Combined actions of cell surface and fluid phase complement inhibitors provide an intrinsic regulatory mechanism to protect self-cells from complement-mediated lysis. 54, 55 In humans, a number of membrane-bound complement inhibitors include decay-accelerating factor (CD55), membrane cofactor protein (CD46), CD59, and complement receptor 1 (CD35). 24, 25, 56 Similar to other brain 51 and eye 24, 57 tissues, RGCs and axons acquire complement inhibitor molecules as a way to remain protected against excessive complement attack after injury. 30 However, there is evidence suggesting that in contrast to astrocytes and microglia, which express high levels of complement inhibitors and are well protected from complement-mediated damage, brain neurons express low levels of complement inhibitors and are highly susceptible to complement attack. 58, 59 Our LC-MS/MS analysis detected CD35 expression in the human retina, and tissue immunolabeling demonstrated its localization mainly to nonneuronal cells. CD59 was not detected by proteomic analysis; however, consistent with previous observations, 24 ,25 double-immunolabeling studies indicated its localization to neuronal and nonneuronal cells. Neither proteomic nor immunohistochemical analysis detected a prominent alteration in the expression of these complement regulators in human glaucoma.
In addition to these membrane-bound complement inhibitors, proteomic analysis of the human retina detected fluidphase complement inhibitors, including a CFH-related protein, C4 binding protein, and clusterin. These regulatory molecules, which have previously been shown to be present in the retina and the optic nerve, 30, 60 do not completely block complement activation but are sufficient to prevent massive cell lysis and inflammation. 26 Findings of Western blot analysis and immu- nohistochemistry supported proteomic findings that CFH is constitutively expressed in retinal cells, including RGCs. Because of its affinity for C3b, this regulator protein prevents the assembly of the C3/C5-convertase (C3bBb/C3bC3bBb) of the alternative pathway by multiple mechanisms. [61] [62] [63] [64] In addition to serving as a predominant regulator in the alternative complement pathway, CFH may affect the complement activation initiated by the classical pathway because it inhibits the alternative pathway serving as an amplification loop. 65 By virtue of its cofactor activity for C3b degradation, CFH can also restrict the assembly of the C3/C5-convertase (C4bC2a/C3bC4bC2a) of the classical pathway. 66 CFH-related proteins (such as CFHrelated 4 detected in our proteomic analysis) also function as inhibitors of the complement pathway by blocking C5 convertase activity and interfering with C5b surface deposition and MAC formation, thereby controlling complement activation in a sequential manner to CFH function. 67 An important observation of this study was a trend toward downregulation of CFH expression in the glaucomatous human retina. Although the expression of classical pathway components appears to represent a relatively nonspecific response to tissue injury in glaucoma, this alteration in complement regulation would leave RGCs more vulnerable to complement-mediated lysis because insufficient inhibition of the downstream portions of the complement cascade may lead to the formation of a cytolytic membrane attack complex, as also supported by immunohistochemical findings.
Endogenous ligands of C1q, including apoptotic cells, can also bind fluid-phase complement inhibitors to prevent excessive complement activation. Dying cells first downregulate membrane-bound complement inhibitors to signal for phagocytosis. During overwhelming apoptosis or insufficient phagocytosis, apoptotic cells remaining in tissues for a longer time, so-called late apoptotic cells, may acquire the ability to bind complement activators, such as C1q and MBL, thereby initiating the complement cascade for rapid removal of cell debris. 68 Concomitant to this, cells acquire fluid-phase complement inhibitors, such as CFH, that compensate for the downregulation of membrane-bound complement regulatory proteins and allow enhanced complement-mediated recognition for phagocytosis while preventing overt inflammation because of the release of C5a and assembly of the membrane attack complex. 69 Therefore, the CFH downregulation that we detected in the glaucomatous human retina does not seem to be an expected component of the cell death-related tissue cleaning process but appears to facilitate collateral complement attack and inflammatory insult. This is supported by the findings of a recent study in which exogenous administration of CFH in an experimental model of autoimmune encephalomyelitis has resulted in a significant decrease in clinical score and inflammation by protecting neurons from complement opsonization, axonal injury, and leukocyte infiltration. 70 Thus, complement activation is under the tight control of complement inhibitors, and, depending on the balance between activation and regulatory inhibition, the final outcome may either be well-balanced complement activation necessary for tissue cleaning and healing or uncontrolled complement attack leading to collateral cell lysis, inflammation, and risk of autoimmunity. 26 Dysregulation of complement activation has been associated with multiple autoimmune diseases, and the disease-associated mutations identified in several complement components and regulators include genomic variations of the CFH gene, as reported in patients with AMD. [71] [72] [73] [74] The precise role of complement in the etiology of these diseases is unresolved, but it seems clear that excess complement attack and local inflammation can exacerbate neuronal loss and that complement inhibition often results in neuroprotection, 52 as evident in RGC injuries. 8, 75 Our findings suggest that imbalances in complement regulation may also contribute to the progression of neurodegenerative injury in glaucoma.
Among the 20 donor eyes used in our proteomic analysis, four glaucomatous and four nonglaucomatous eyes (samples 7, 8, 9, 10; Figs. 2, 7) had AMD. However, we think this should not have affected our protein samples obtained from the peripheral retina of the macular region. In addition, AMD is not expected to cause any alteration in the inner retinal neurons, and AMD-related alterations in CFH expression have been associated primarily with the retinal pigment epithelium, which was not present in our samples. Concerning the possibility of genomic variations of the CFH gene in these donors, our Western blot data did not reveal a detectable difference in CFH protein expression between the donors with or without macular degeneration. However, it would be interesting to determine whether patients with glaucoma exhibit similar genomic variations of the CFH gene, although our present data support oxidative stress-related epigenetic factors in the altered regulation of CFH expression in glaucoma. It is also important to clarify how such coexisting conditions determine individual differences in susceptibility to glaucomatous injury. Because of the retrospective nature of our data collection, we considered that the assessment of a relationship between the proteomic findings and clinical variables would not be precisely informative. It should be recognized that despite their unique importance, studies using human donor tissues may be challenging because of the retrospective nature of data collection, difficulties excluding other disease conditions or treatment effects, and the possibility of perimortem tissue alterations. However, we were careful to minimize such confounding factors, and the utilized tissues of glaucomatous and nonglaucomatous donors were matched for donor age, cause of death, postmortem period, and clinical detection of macular degeneration. We hope that in vivo studies using transgenic models will be able to quantitatively assess neuronal damage and its relationship to complement regulation in glaucoma.
Role of Oxidative Stress in the Regulation of Complement Activation
Findings of this study support that although complement activation may serve as an intrinsic signal for the elimination of dying RGCs in glaucoma, oxidative stress-induced downregulation of CFH may lead to increased vulnerability of adjacent neurons to complement-mediated injury. The downregulated expression of CFH we detected in the glaucomatous human retina could be attributed to the decreasing number of CFHexpressing neurons in glaucoma. However, findings of immunohistochemical analysis also supported decreased CFH immunolabeling in surviving RGCs in glaucomatous eyes compared with controls. In addition, in vitro experiments provided supportive evidence that exposure to oxidative stress leads to the downregulation of CFH expression. The oxidative stress we detected in our glaucomatous human retinal samples further supports the relevance of these in vitro observations to human disease.
As discussed, among the human donor eyes used in our proteomic analysis, four glaucomatous and four nonglaucomatous eyes had AMD. It should be recognized that both glaucoma and AMD are age-related diseases and have been associated with oxidative stress. However, based on Western blot analysis, no prominent difference was detectable in the oxidative stress detected in donors with glaucoma with or without AMD.
Consistent with our findings, oxidative stress has been found to downregulate CFH expression in human brain neurons 76 and in retinal pigment epithelial cells. 77, 78 Interestingly, complement activation plays an important role in the inflammatory process after oxidative stress, 79 and both the classical 80 and the lectin pathways 81 of complement activation have been implicated in mediating tissue injury after oxidative stress of endothelial cells. Thus, in addition to many other immunostimulatory consequences, 3 oxidative stress may play a role as a risk factor contributing to the dysregulation of complement activation in glaucoma. Ongoing studies should further clarify how oxidative stress translates into a stimulus affecting complement regulation.
In conclusion, proteomic findings in the human retina have significantly expanded the list of complement components and regulators involved in glaucomatous neurodegeneration. Findings of this study also suggest that alterations in the physiological balance between complement activation and intrinsic regulation under glaucomatous stress conditions may have an important impact on the progression of neurodegenerative injury. Ongoing studies should further clarify the importance of the complement system in glaucoma and identify the specific mechanisms of interactions among complement proteins, immune system cells, and immune mediators so that manipulation of the balance between complement activation and inhibition can represent an additional therapeutic opportunity for glaucoma patients.
